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In the present work, the nucleophilic substitution reactions of dicyclohexyl phosphinic chloride [3: cHex 2 P(=O)Cl] with substituted X-pyridines are investigated kinetically in acetonitrile at 55.0 ± 0.1 o C to gain further understanding of phosphoryl transfer reaction mechanism (Scheme 1). The kinetic results of the pyridinolyses of five R 1 R 2 P(=O)Cltype substrates are discussed on the basis of steric and inductive effects of the two ligands (R 1 and R 2 ) on the reactivity and mechanism. Employed substrates are dimethyl 1d The numbering of the substrates (1-5) follows the sequence of the size of the two ligand, R 1 and R 2 . Herein, R 1 and R 2 are alkyl and/or phenyl ligands.
Results and Discussion
The reactions were carried out under pseudo-first-order conditions with a large excess of pyridine. The observed pseudo-first-order rate constants (k obsd ) for all reactions obeyed eq. (1) with negligible k 0 (= 0) in MeCN. The second-order rate constants were determined with at least five pyridine concentrations. The linear plots of eq. (1) suggest a lack of any base-catalysis or side reactions, and the overall reaction is described by Scheme 1.
The second-order rate constants [
)] are summarized in Table 1 . The Brönsted β X values were calculated by correlating log k 2 (MeCN) with pK a (H 2 O), 5 which was justified theoretically and experimentally.
6 The substituent effects of the nucleophiles upon the pyridinolysis rates correlate with those for a typical nucleophilic substitution reaction where the stronger nucleophile leads to a faster rate. However, both the Hammett (log k 2 vs σ X ; Fig. 1 ) and Brönsted [log k 2 vs pK a (X); Fig. 2 ] plots are biphasic concave upwards with a break point at X = 3-Ph. The magnitudes of ρ X (= -6.02) and β X (= 1.23) values with the strongly basic pyridines (X = 4-MeO, 4-Me, H, are much greater than those (ρ X = -0.85 and β X = 0.14) with the weakly basic pyridines (X = 3-Ph, . Table 2 shows the natural bond order (NBO) charges at the reaction center P atom in the gas phase [B3LYP/6-311+G(d,p) level of theory], 7 summations of the Taft's steric .
9 of the two ligands, second-order rate constants (k 2 ) with unsubstituted pyridine (C 5 H 5 N) at 35.0 o C, and Brönsted coefficients (β X ) for the pyridinolyses of five R 1 R 2 P(=O)Cl-type phosphinic chlorides in MeCN. Solely considering the magnitude of the positive charge of the reaction center P atom in the substrate, the sequence of the pyridinolysis rate should be 3 > 5 > 4 > 2 > 1. When the steric effects of the two ligands, R 1 and R 2 , play an important role to determine the pyridinolysis rate, the sequence of the rate should be 1 > 2 > 3 > 4 > 5. However, the observed sequence of the second-order rate constants of the pyridinolyses, 4 > 1 >> 2 > 5 >> 3 [the relative rate ratio of 7.6 × 10 (3)], does not show systematic consistency with the NBO charge at P atom, ΣE S , or Σν x . These results indicate that the pyridinolysis rates of R 1 R 2 P(=O)Cl in MeCN are not dependent upon one dominant factor but on many factors. On the contrary, the anilinolysis rates of the phosphinic chlorides are predominantly dependent upon the steric effects of the two ligands. The second-order rate constants for the reactions of five phosphinic chlorides with 2d : 1 (3). 2n When 3 is not considered, the sequence of the anilinolysis rates of the phosphinic chlorides, 1 >> 2 > 4 >> 5, is inversely proportional to the size of the two ligands; Ph,Ph(5) > Ph,Me(4) > Et,Et(2) > Me,Me(1). The greater the size of the two ligands, the anilinolysis rate becomes slower, i.e., the relative rate ratio of 4,520 (1) 2i : 109(2) 2l : 80(4) 2i : 1(5). Meanwhile, the pyridinolysis rate is rather faster than the corresponding anilinolysis rate:
1h,2i 0.67(2), 1i,2l,11 1.8(3), 2n 910(4), 1m,2i and 32(5).
1d,2d
The difference in the rate may be due to resonance energy gain from the benzyl cation type π-complex formation of pyridine with an empty d-orbital of the P atom. This type of π-complex is not possible with aniline because the lone pair on the amino nitrogen is a p-type so that the horizontal π-cloud of the ring overlap with the d-orbital of P marginally. Moreover, regarding the steric effects of the two ligands, the horizontal approach of the aniline ring should cause excessive steric hindrance in contrast to a much less steric effects in the vertical approach of the pyridine ring.
1a,m
As can be seen in Table 2 , the pyridinolysis rate of 3 is too slow to be rationalized by normal stereoelectronic effects. The anilinolysis rate of 3 was also exceptionally slow, and the authors tentatively suggested that the exceptionally slow rate of the anilinolysis of 3 is attributed to an unexpected steric hindrance of the two cyclohexyl ligands which cannot be predicted by the Taft's ΣE S and Charton's Σν x .
2n At this point, considering the very slow rate of the pyridinolysis, the authors suggest that the exceptionally slow rate of the aminolysis (both anilinolysis and pyridinolysis) is ascribed to the ultimate nature of 3, and further studies are required to clarify the considerably low reactivity.
The S N 2 reaction mechanism was proposed for the pyridinolyses of 2 and 5 with both frontside (TSf) and backside attacks (TSb), and the fraction of a frontside attack is more or less larger than that of a backside attack, on the basis of the magnitudes of β X values. 
Notes
Bull. Korean Chem. Soc. 2011 , Vol. 32, No. 6 2111 In the pyridinolyses of 1 at -25.0 ºC, 1h a concerted mechanism was proposed, and biphasic concave upward free energy relationships was interpreted as a change of nucleophilic attacking direction from a frontside attack (TSf) with the strongly basic pyridines to a backside attack (TSb) with the weakly basic pyridines. Empirical kinetic results showed that the ρ X value changes from +0.16 (positive) via -0.34 (negative) to -0.38 (negative) as the reaction temperature changes from -25.0 via -20.0 to -15.0 ºC, resulting in t isokinetic = -23.8 ºC.
1h In the pyridinolyses of 4 at -20.0 ºC, 1h a stepwise mechanism with a rate-limiting step change from bond breaking with the weakly basic pyridines to bond formation with the strongly basic pyridines was proposed on the basis of biphasic concave downward Hammett and Brönsted plots. Unusual positive ρ X and negative β X values were rationalized by the isokinetic relationship (calculated isokinetic temperature of t isokinetic = +14.4
The concave upward Hammett and Brönsted plots for substituent X variations in the nucleophiles were also observed for the pyridinolyses of R 1 R 2 P(=S)Cl-type sub-
1d thiophosphinic chlorides. The biphasic concave upward free energy correlations were substantiated by a change in the attacking direction of the nucleophile from a frontside attack with the strongly basic pyridines to a backside attack with the weakly basic pyridines. In general, the nonlinear free energy correlation of a concave upward plot is diagnostic of a change in the reaction mechanism, such as parallel reactions where the reaction path is changed depending on the substituents, while nonlinear free energy correlation of the biphasic concave downward plot is diagnostic of a rate-limiting step change from bond breaking with less basic nucleophiles to bond formation with more basic nucleophiles.
12 It is the suggestion of the authors that the concave upward Hammett and Brönsted plots can also be diagnostic of a change in the attacking direction of the nucleophile depending on the substituents from backside to frontside.
1g,I It is worthy to note that a frontside attack (TSf) yields greater magnitudes of ρ X and β X values compared to a backside attack. In the present work, the authors propose a concerted S N 2 mechanism is proposed, and biphasic concave upward free energy correlations is rationalized by a change of nucleophilic attacking direction from a frontside attack (TSf; ρ X = -6.02 and β X = 1.23) with the strongly basic pyridines to a backside attack (TSb; ρ X = -0.85 and β X = 0.14) with the weakly basic pyridines.
In summary, the kinetic studies on the pyridinolysis of dicyclohexyl phosphinic chloride have been carried out in MeCN at 55.0 o C. The pyridinolysis rate is too slow to be rationalized by normal stereoelectonic effects. The authors suggest that the exceptionally slow rate of the aminolysis is ascribed to the ultimate nature of dicyclohexyl phosphinic chloride. The free energy correlations are biphasic concave upwards with a break point at X = 3-Ph. A concerted S N 2 mechanism is proposed with a change of the attacking direction of the nucleophile from a frontside attack (TSf) with the strongly basic pyridines to a backside attack (TSb) with the weakly basic pyridines.
Experimental Section
Materals. GR grade dicyclohexyl phosphinic chloride (more than 98%) was used without further purification. GR grade pyridines and HPLC grade acetonitrile (less than 0.005% water content) were used without further purification.
Kinetic Procedure. Conductometric rate measurements were carried out using self-made computer-aided automatic A/D converter conductivity bridges. The pseudo-first-order rate constants (k obsd ) were determined as previously described 
Cl
− .
